The targeted brain dysfunction that accompanies aging can have a devastating effect on cognitive and intellectual abilities. A significant proportion of older adults experience precipitous cognitive decline that negatively impacts functional activities. Such individuals meet clinical diagnostic criteria for dementia, which is commonly attributed to Alzheimer's disease (AD). Structural neuroimaging, including magnetic resonance imaging (MRI), has contributed significantly to our understanding of the morphological and pathology-related changes that may underlie normal and disease-associated cognitive change in aging. White matter hyperintensities (WMH), which are distributed patches of increased hyperintense signal on T2-weighted MRI, are among the most common structural neuroimaging findings in older adults. In recent years, WMH have emerged as robust radiological correlates of cognitive decline. Studies suggest that WMH distributed in anterior brain regions are related to decline in executive abilities that is typical of normal aging, whereas WMH distributed in more posterior brain regions are common in AD. Although epidemiological, observational, and pathological studies suggest that WMH may be ischemic in origin and caused by consistent or variable hypoperfusion, there is emerging evidence that they may also reflect vascular deposition of ͱ-amyloid, particularly when they are distributed in posterior areas and are present in patients with AD. Findings from the literature highlight the potential contribution of small-vessel cerebrovascular disease to the pathogenesis of AD, and suggest a mechanistic interaction, but future longitudinal studies using multiple imaging modalities are required to fully understand the complex role of WMH in AD.
decline is severe enough to impact functional abilities, we define the syndrome as "dementia" and assign the most likely etiology. By far, probable Alzheimer's disease (AD) is the most commonly diagnosed cause of dementia. Other commonly diagnosed causes include dementia due to cerebrovascular disease (ie, "vascular dementia") and dementia due to Lewy bodies. The concept of mild cognitive impairment (MCI) first gained popularity in the 1990s to categorize older adults who evidence some degree of cognitive decline but not enough to impact functional abilities and meet formal criteria for dementia. Mild cognitive impairment and its variants are often considered to be "transition states" between normal cognitive functioning and dementia. Thus, cognitive aging can be described as comprising heterogeneous trajectories across domains or by categories, including "normal," "MCI," and "dementia." The clinical diagnosis of probable AD is made by analyzing the neuropsychological profile and history of a patient and after ruling out other potential causes of the dementia syndrome. In clinical neuroscience, our reliance on a taxonomic system for the characterization of ageassociated cognitive syndromes suggests, at least implicitly, that there is a unitary disease or pathology that accounts for the clinical or cognitive presentation. Indeed, pathologically, AD is defined by the presence of of amyloid plaques and neurofibrillary tangles, which emerge in the hippocampal formation and spread throughout posterior and anterior cortex. However, accumulating evidence indicates that, in addition to the pathological features that define the disease, factors associated with poor cognitive aging (in the absence of frank dementia) may play a primary role in the pathogenesis and progression of AD. At the top of the list of these factors are small-vessel cerebrovascular disease and its antecedent modifiable risk factors. Epidemiological studies, for example, confirm that hypertension, diabetes, insulin resistance, obesity/overweight, and hyperlipidemia increase the risk of AD.
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The role of neuroimaging in cognitive aging While associative epidemiological studies play an important role by identifying correlates of poor cognitive aging or AD, they tell us little about directional causality or brain mechanisms involved in pathogenesis. Over the past three decades, the field of biomedical engineering has infused the clinical neurosciences with powerful neuroimaging instruments equipped to study directly morphological and functional properties of the aging brain in vivo. Advances in the acquisition, visualization, and analysis of neuroimaging data continue to evolve rapidly, with ongoing development of hardware, software, and conceptual statistical approaches that have already made tremendous scientific contributions. Structural magnetic resonance imaging (MRI) in particular can be used to examine macrostructural changes-gross differences in tissue volume that reflect volume variability, parenchymal atrophy, or frank pathology (eg, large-vessel infarct, tumor); or microstructural changes-fiber tract integrity and pathology that can be altered due to subtle changes in myelin-associated pathology. Several studies have highlighted the importance of gross structural or volumetric changes in cognitive aging and dementia (for example, see refs 7-11; see ref 12 for review). Small-vessel cerebrovascular disease, visualized as white matter hyperintensities (WMH), has emerged as a particularly strong correlate of cognitive aging (for review, see ref 13) and is the focus of our discussion here.
Characterization and quantification of white matter hyperintensities
White matter hyperintensities, sometimes referred to as leukoaraiosis or leukoencephalopathy, are areas of increased lucency visualized on T2-weighted images. They have enjoyed a rich, albeit capricious, history in clinical practice and in the aging literature, at points considered incidental with little clinical significance and at points considered a central source of cognitive, motoric, and emotional dysfunction. Initially, WMH were described as "unidentifiable bright objects," confounding radiologists as either artifactual or adventitious companions of aging. Indeed, chronological age is the strongest correlate of WMH severity [14] [15] [16] and most older adults have some degree of WMH burden. Figure 1 displays a typical example of distributed WMH and Figure 2 shows examples of two elderly individuals, one with mild WMH and C l i n i c a l r e s e a r c h 17 which are commonly used to evaluate the severity and distribution of WMH. Our laboratory has developed a quantitative approach for regional WMH severity analysis. Briefly, by considering the distribution of voxel intensities on individual fluid attenuated inverse recovery (FLAIR) images, we fit Gaussian curves to each cerebral hemisphere and derive the mean and standard deviation for each hemisphere. White matter hyperintensity seeds are defined as greater than or equal to 2.5 standard deviations above the mean. The left and right seeds are combined, and each seed is then passed into a mean intensity-based region-growing algorithm. The algorithm uses the seed voxel intensity as its starting mean and, applying a 10-point connectivity scheme (x-y plane, and 1 up in z and 1 down in z-plane) it searches for and labels voxels that fall within 5% of the seed mean. Neighboring voxels that fall within 5% are added to the image and a new mean is created. This process continues iteratively until all seeds have been included in the final WMH image. The summation of the number of voxels labeled as WMH multiplied by voxel dimensions yields the total WMH volume. By spatially normalizing an anatomical atlas 18 to each image, we are able to derive WMH volumes in each of the major anatomical lobes, basal ganglia, and cerebellum. culate the distance in three dimensions of each voxel from the ventricular wall. Thus, our quantitative processing approach can be used to derive total WMH volume, regional WMH volume, and periventricular vs deep regional WMH volumes.
Correlates of white matter hyperintensities
Despite the ubiquity of WMH among older adults, they are a uniquely radiological phenomenon. That is, when examining grossly the brain regions underlying WMH, there is no obvious pigmentation abnormality. Our current understanding of the nature, clinical importance, and cognitive consequences of WMH has come from a number of careful clinicopathological correlates and observational studies among clinical and epidemiological samples. A prevailing view is that WMH are a surrogate marker of small-vessel vascular disease 19 resulting from ischemic damage due to chronic hypoperfusion. White matter hyperintensities tend to develop in regions that are considered "watershed" areas, which extend up to 13 mm beyond the ventricular walls. [20] [21] [22] Indeed, most of the major risk factors for ischemia have been shown to be associated with the severity of WMH distribution. [23] [24] [25] [26] [27] Further evidence for an ischemic origin comes from postmortem pathological examination of tissue that appears as WMH during life. Areas most vulnerable to development of WMH receive blood supply primarily from ventriculofugal vessels, which originate from the subependymal arteries. 28, 29 These vessels have relatively few anastomoses and are particularly vulnerable to injury due to systemic hypoperfusion. 29, 30 Clinico-pathological correlate studies have shown that smooth periventricular WMH are associated with subependymal gliosis and disruption of the ependymal lining, whereas deep white matter punctate WMH or irregularly shaped periventricular WMH are associated with disruption in fibers secondary to ischemic/arteriosclerotic changes. 31, 32 In general, WMH are related to diminished pallor or rarefaction and gliosis 33 and myelin or axonal loss. 34 By combining structural neuroimaging data with measures of cerebral blood flow, as measured by arterial spin labeling (ASL), we showed that areas appearing as WMH on FLAIR images had diminished blood flow relative to normal appearing white matter and grey matter. 35 The finding complements recent observations that the spatial frequency of WMH among healthy older adults is C l i n i c a l r e s e a r c h greater in regions with lower normative perfusion values. 36 We also showed that, among an epidemiological cohort of nondemented older adults, WMH were associated with chronological age and vascular risk factors 37 and were most severe among adults with the highest absolute blood pressure and blood pressure fluctuation over a 3-year period (Brickman et al, unpublished) . These observations lend further support that diminished perfusion and perhaps compromised cerebral autoregulation increase the risk for WMH development.
The role of white matter hyperintensities in cognitive aging
Consistent observations of increasing WMH severity and variability with aging supports ongoing interest in their clinical or cognitive correlates (see ref 13) . Most investigations of the cognitive correlates of WMH burden have been cross-sectional analyses among nondemented older adults, and few have considered regional specificity. Based on these studies, there is emerging evidence that the severity or volume of WMH is one source of the cognitive decline that is typical of normal aging. 38 In one of the earlier syntheses of the cognitive correlates of WMH in aging, a quantitative review showed that the extent of WMH is associated particularly with poorer performance on tasks of executive functioning and processing speed, but not with fluid or crystallized intelligence or fine motor functioning. 39 The results are consistent with a more recent quantitative meta-analysis, which also showed that the severity of WMH burden is associated with poorer performance on speeded tasks of executive function in both healthy elderly and in individuals with a history of cardiovascular disease. 40 WMH may affect cognitive functioning through disruption of intracerebral connectivity, compromising efficient neuronal communication. 41 Thus, regional specificity of the distribution of these lesions may be associated with unique cognitive profiles. The prefrontal cortex and its extensive cortical-cortical and cortical-subcortical connectivity is thought to play a central role in executive functioning, 10, 11, 42 and damage to these areas may account for the predominant pattern of executive functioning decline in aging. Indeed, the age-associated changes in executive functioning appear to be partially mediated by increased burden of WMH distributed in frontal lobe regions 43, 44 and WMH distribution in prefrontal regions among older adults negatively impacts functional activity in the same region. 45 Despite cross-sectional observations of associations between frontal WMH and executive functioning, there has been a paucity of studies examining the longitudinal progression of WMH and associated changes in cognitively normal elderly. Studies have found that increasing global WMH over a 4-or 5-year period, but not lacunar infarcts, are associated with worsening executive abilities and speeded abilities. [46] [47] [48] Taken together, the culmination of findings establish that WMH are common in normal aging, progress substantially, and suggest that this progression, particularly in anterior regions, may partially account for typical ageassociated decline in executive abilities.
The role of white matter hyperintensities in Alzheimer's disease
More recently, the question of whether WMH play a unique role in the presentation or pathogenesis of AD has emerged. WMH are more prevalent and severe in AD patients compared with nondemented, but demographically similar older adults. 17, [49] [50] [51] Studies that have examined regional distribution of WMH show more posterior involvement, including posterior periventricular regions and posterior corpus callosum 20, 52 and increasing caudal involvement with more severe cognitive impairment. 20 Interestingly, brain regions where WMH are most severe in AD colocalize to the distribution of AD pathology and areas showing the greatest metabolic dysfunction in AD. 53 In our community-based study, we showed a selective association between WMH burden and diagnosis of amnestic mild cognitive impairment (MCI)-those at greatest risk for development of AD-but not nonamnestic MCI. 54 Preliminary examination of the regional distribution showed that WMH burden in parietal lobes discriminated best among those with amnestic MCI, non amnestic MCI, and controls, again suggesting that a posterior distribution may be specific to or linked pathologically to AD. Whether evaluation of neuroimaging data at one point in time has prognostic value for future clinical course or progression to AD remains an important question. Older adults who are not demented but who have increased WMH burden are at higher risk for the development of AD [55] [56] [57] and MCI. 58 We sought to determine whether baseline measurement of WMH severity and global atrophy, as a proxy of overall disease burden, predict future cognitive decline among patients with AD. 59 Using a series of generalized estimating equation models, we demonstrated that the degree of baseline atrophy, the severity of WMH, and their interaction predicted the rate of cognitive decline. That is, greater severity of baseline atrophy and greater severity of baseline WMH were associated with faster rates of cognitive decline in AD and the interaction of the two variables suggest synergy between cerebrovascular disease and overall disease burden. These findings are consistent with others showing that the presence of both elevated amounts of atrophy and high WMH burden is more associated with AD than either measure alone. 60, 61 Results have been somewhat mixed, however, as neither Smith and colleagues 59 nor DeCarli and colleagues 62 found that variability in baseline measures of total WMH burden predicted future conversion from cognitively normal or MCI to AD. The association of vascular risk factors, brain perfusion abnormalities, and increased WMH burden with AD suggests that vascular disease plays an important role in the pathogenesis of AD. Vascular disease may increase risk or lower a clinical threshold for the expression of the disease even in the absence of a mechanistic link or, alternatively, may be mechanistically related. Prevailing hypotheses on the pathogenesis of AD implicate abnormal deposition of parenchymal Aβ protein, 63 and research shows that having high levels of plasma Aβ42 that decrease over time elevates risk for development of AD, presumably reflecting deposition and oligomerization of Aβ peptides in senile plaques in the brain. 64 However, recent literature suggests that vascular deposition of Aβ, primarily comprising the Aβ40 species, may also be a primary pathological feature of the disease. For example, in vitro studies show that the severity and frequency of white matter, but not gray matter, perivascular spaces is greater in AD and correlates with the amount of Aβ deposition in overlying cortex and associated arteries. 65 As vascular Aβ may interfere with the ability of the blood vessel walls to shunt deposited Aβ peptides through the periarterial spaces in the brain vasculature [66] [67] [68] [69] and white matter in AD contains 4 times more soluble Aβ than among controls, 70 it is possible that the increased WMH burden among patients with AD, to some degree, reflects the pathological accumulation of vascular Aβ. Plasma Aβ40 concentrations have been shown to be associated with WMH burden among patients with AD and MCI 71 and among members of the Rotterdam cohort with the APOE-Ε4 allele.
72 These cross-sectional efforts provide evidence that increases in circulating Aβ40 may cause white matter microvascular damage, or, alternatively, that the accumulation of microvascular white matter disease causes pathological release of cerebral Aβ40 into the blood plasma. Longitudinal studies are critical to define whether increases in plasma Aβ40 are a biomarker of cerebrovascular disease or a risk factor for the development of cerebrovascular disease. 71 Direct examination of the association between centrally deposited Aβ and WMH provides another approach towards understanding a link between WMH or microvascular disease and AD pathology, and two general classes of studies have begun to address this issue precisely. First, cerebral amyloid angiopathy (CAA) is present in the vast majority of patients with AD at autopsy. Cerebral amyloid angiopathy reflects the deposition of Aβ in cerebral arterioles and is manifested as lobar cerebral microbleeds, best visualized in vivo on T 2 *-weighted gradient-echo MRI. Importantly, WMH are more frequent in the presence of microbleeds or clinical CAA 36, 73 and those with clinical CAA show a progressive increase in WMH, suggesting that CAA may cause progressive white matter changes. 74 A recent report 75 noted that microbleeds had a lobar distribution in 92% of patients with AD and were predominantly distributed in posterior regions. The presence and frequency of microbleeds among AD patients predicted the severity of WMH, which was colocalized in parieto-occipital distributions. Given the studies showing colocalization among WMH, microbleeds, and the pathological distribution of AD, it is possible that the greater posterior distribution of WMH in AD could reflect the specific contribution of CAA, but future studies will need to address this possibility specifically. Second, one of the most exciting developments in neuroimaging has been the ability to label in vivo central amyloid depositions using a carbon-11-labeled, lipophilic derivative of thioflavin-T, termed "Pittsburgh Compound B" or simply "PIB." 76, 77 PIB can detect amyloid pathology even among nondemented individuals 78 and has been associated with Aβ42 levels in cerebrospinal fluid. 79 More recently, two reports demonstrated that PIB also reliably labels vascular deposition of Aβ and is able to discriminate patients with clinically diagnosed cerebral amyloid angiopathy from those with AD. 80, 81 Thus, while the culmination of studies reviewed above suggest that WMH are purely ischemic, resulting from systemic or variable hypoperfusion, multimodal neuroimaging, and pathological examination would suggest a more heterogeneous C l i n i c a l r e s e a r c h profile, perhaps with an amyloidogenic source of WMH distributed in posterior cortex among individuals with and at risk for AD. The studies highlight the potential importance of both parenchymal and vascular β amyloid in the pathogenesis of AD and suggest that the two are mechanistically linked. It will be critical to extend this line of research and determine the association between regional distribution of WMH, cerebral microbleeds, and PIB uptake among individuals with and without AD, and future studies should undertake this effort among large samples of community-based individuals.
Current status of white matter hyperintensities and future directions
Structural neuroimaging studies of aging and dementia have highlighted the importance of WMH in normal ageassociated cognitive loss and in AD. The prevailing view of WMH is that they represent small-vessel ischemic cerebrovascular disease secondary to perfusion abnormalities. Recent work implicates their involvement in the presentation and pathogenesis of AD and points to a potential amyloidogenic source, particularly when they are distributed in posterior cortex. There are several consistent findings regarding cerebrovascular disease in the context of AD that have emerged, with several etiological possibilities. First, the presence of small-vessel cerebrovascular disease among patients with AD is the norm, not the exception. 60 Second, patients who have coexisting AD and small-vessel cerebrovascular disease have more severe cognitive impairment than those having either alone [82] [83] [84] and brain imaging markers of each seem to interact synergistically to impact longitudinal cognitive course. 59 Third, cerebrovascular disease and AD share common risk factors. 87 From an etiological perspective, AD and cerebrovascular disease may be independent, but share common risk factors. Similarly, cerebrovascular disease may represent an independent pathology that lowers the threshold for clinical expression of AD or contributes independently to cognitive dysfunction. On the other hand, cerebrovascular disease may be in the causal pathway for development of AD or interact synergistically with AD pathology. These possibilities are not mutually exclusive, but given the overlap in risk factors, prevalence of cerebrovascular disease in AD, involvement of both vascular and parenchymal forms of β amyloid, and interactions between the two on clinical presentation, there is preliminary evidence of etiological or mechanistic overlap. It is clear that future work should focus on disentangling these etiological possibilities in order to better inform treatment and prevention strategies. Longitudinal studies comprising community samples and incorporating multimodal neuroimaging modalities will help establish cause-effect relationships. 
